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The formation of linoleic acid radical species under the oxidative conditions of the Fenton
reaction (using hydrogen peroxide and Fe (II)) was monitored by FAB-MS and ES-MS using
the spin trap 5,5-dimethyl-1-pyrrolidine-N-oxide, DMPO. Both the FAB and ES mass spectra
were very similar and showed the presence of ions corresponding to carbon- and oxygen
centered spin adducts (DMPO/L, DMPO/LO, and DMPO/LOO). Cyclic structures, formed
between the DMPO oxygen and the neighboring carbon of the fatty acid, were also observed.
Electrospray tandem mass spectrometry of these ions was performed to confirm the proposed
structure of these adducts. All MS/MS spectra showed an ion at m/z 114, correspondent to the
[DMPO  H], and a fragment ion due to loss of DMPO (loss of 113 Da), confirming that they
are DMPO adducts. ES-MS/MS spectra of alkoxyl radical adducts (DMPO/LO) showed an
additional ion at m/z 130 [DMPO  O  H], while ES MS/MS of peroxyl radical adducts
(DMPO/LOO) showed a fragment ion at m/z 146 [DMPO  OO  H], confirming both
structures. Other fragment ions were observed, such as alkyl acylium radical ions, formed by
cleavage of the alkyl chain after loss of water and the DMPO molecule. The identification of
fragment ions observed in the MS/MS spectra of the different DMPO adducts suggests the
occurrence of structural isomers containing the DMPO moiety both at C9 and C13. The use of
ES tandem mass spectrometry, associated with spin trapping experiments, has beee shown to
be a valuable tool for the structural characterization of carbon and oxygen-centered spin
adducts of lipid radicals. (J Am Soc Mass Spectrom 2003, 14, 1250–1261) © 2003 American
Society for Mass Spectrometry
Polyunsaturated fatty acids, such as linoleic acid,are the main components found in cell mem-branes of biological tissues. During cell metabo-
lism, aerobic processes taking place at the mitochondria
promote the formation of oxygen radicals known as
reactive oxygen species (ROS). These ROS are cytotoxic
and are removed by antioxidant systems occurring in
living systems [1]. The ROS species such as hydroxyl
(OH) radicals, because of the unpaired electron in the
oxygen atom, are very unstable and react readily with
conjugated double bonds found in cell constituents
such as lipids, proteins, and DNA bases, modifying the
structures and damaging the tissues [2]. Oxidative
damage is thought to cause a decrease in fluidity and
disruption of the cell membrane, and to affect mito-
chondrial functions [3]. This has been connected to
several age related diseases such as the case of Alzhei-
mer’s disease, Parkinson’s disease, multiple sclerosis,
and cataracts [2].
The lipid peroxidation reaction involves a number of
intermediate steps in a chain reaction forming lipid
radicals (L, LO, LOO), which in turn trigger the
propagation of peroxidation reaction [4]. The extent of
lipid peroxidation is used to estimate the extent of
biological tissue damage. In in vitro assays, oxidative
conditions may be induced by the addition of hydrogen
peroxide to lipids in the presence of Fe2 ions. This
reaction, known as the Fenton reaction, leads to the
formation of hydroxyl radicals, which then react, by a
hydrogen abstraction mechanism, with unsaturated
compounds such as lipids, forming radicals [5]. The
radical species formed are very unstable, but the addi-
tion of nitroso compounds radicals, known as “spin
traps”, react with the lipid radicals leading to the
formation of much more stable radical adducts. The
radical adducts are usually examined by ESR spectros-
copy [6–12].
Electron spin-trapping experiments are the most
widely used approach for the identification of carbon-
centered lipid radicals formed during lipid peroxida-
tion (after trapping with POBN [9–13]), or for the
identification of oxygen-centered lipid radicals (after
trapping with DMPO [7, 8, 14]).
Studies have demonstrated the applicability of mass
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spectrometry to the identification of carbon-centered
radical adducts derived from lipids using the spin trap
POBN [9, 11–13]. Other applications of mass spectro-
metry to the detection of spin adducts include the
identification of alkyl radicals, namely POBN radical
adducts of pentadienyl, by electrospray ionization
ES-MS [15], and the detection and characterisation of
hydroxyl-DMPO radical adducts by FAB-MS [16] and
ES-MS [17, 18]. ES-MS has shown to be a valuable tool
for the detection and characterization of oxidation rad-
ical products, mainly due to its high sensitivity, accu-
racy, simple sample preparation and the structural
information obtained.
Both carbon- and oxygen-centered radicals occur
during lipid oxidation, according to ESR results ob-
tained during the investigation of reaction of linoleic
acid with cytochrome [7, 13], or with soybean lipoxy-
genase [11]. The identification by ES-MS and tandem
mass spectrometry of oxygen-centered lipid radicals
using the DMPO spin trap has, to our knowledge, not
yet been reported. In this work we will present the
results of a study of the adducts of DMPO with the
linoleic acid radical species produced under Fenton
reaction conditions. The formation of the stable DMPO
radical adducts was monitored by FAB-MS, ES-MS, and
ES-MS/MS using our previously developed methodol-
ogy [16].
Experimental
Chemicals
Linoleic acid and DMPO were obtained from Sigma (St.
Louis, MO) and used without further purification. Ni-
trobenzyl alcohol (NBA) matrix was purchased from
Merck (Darmstadt, Germany). Iron (II) chloride (FeCl2)
and hydrogen peroxide (H2O2) used for the peroxida-
tion reactions were purchased from Merck.
Oxidation of Linoleic Acid by Fenton Reaction
Spin trapping experiments for subsequent analysis by
FAB-MS were done in the following manner. Approxi-
mately 100 ng of linoleic acid in a chloroform solution (1
L), approximately 6 mol of hydrogen peroxide and
0.6 mol of FeCl2 were left to react for different periods
of time. Then, 5 l of DMPO and one drop of NBA
matrix were added and the sample was analyzed by
FAB-MS. Spin trapping experiments for subsequent
ES-MS and ES-MS/MS were performed by adding to
100 ng of linoleic acid, 5 mmol FeCl2 solution and 50
mmol of hydrogen peroxide (H2O2) in 0.5 ml of ammo-
nium bicarbonate buffer solution (pH 7.4). This mixture
was left to react for different periods of time with
occasional sonication, after which 1 L (9 mmol) of
DMPO was added. The lipid oxidation products and
spin adducts were extracted using a modified Folch
method with chloroform:methanol (2:1, vol/vol) [19].
FAB Mass Spectrometry
Positive ion FAB mass spectra were acquired with a VG
AutoSpecQ (VG Analytical Manchester, UK). The in-
strument is of EBE geometry and is equipped with a
cesium gun. The applied accelerating voltage was 8 kV
and the cesium ion beam intensity was 3 A at 20 kV. In
MS experiments, the EBE resolution was set to approx-
imately 1500.
ES Mass Spectrometry
Positive ion ES mass spectra and tandem mass spectra
were acquired in a Q-TOF 2 instrument (Micromass,
Manchester, UK) using a MassLynx software system
(version 3.5). The samples for electrospray analysis
were prepared by diluting 1 L of the sample with 200
L of chloroform:methanol solution (1:1, vol/vol) con-
taining 0.5% (vol/vol) of acetic acid. Samples were
introduced into the mass spectrometer using a flow rate
of 10 L /min, setting the needle voltage at 3000 V with
the ion source at 80 °C and cone voltage at 35 V.
Tandem mass spectra (MS/MS) of the protonated mol-
ecules were obtained by collision-induced dissociation
(CID), using argon as the collision gas (Penning gauge
pressure 6  106 mBar) and varying collision energy
between 20–35 eV. In MS and MS/MS experiments TOF
resolution was set to approximately 9000.
Results and Discussion
Mass Spectrometry Analysis of DMPO Adducts
The positive ion FAB mass spectrum of linoleic acid
with H2O2 in the presence of Fe
2 and DMPO is shown
in Figure 1a. For comparison, the mass spectrum of
linoleic acid obtained under the same conditions but
without the addition of H2O2 is shown in Figure 1b.
Significant differences can be observed.
Comparing both spectra, new ions were observed in
the presence of H2O2 and DMPO, namely the ions at m/z
392–394, at m/z 408–410 and at m/z 424–426. These ions
correspond to spin adducts of DMPO with radical
species formed by the oxidation of linoleic acid under
Fenton reaction conditions. They were not assigned as
isolated oxidized species of the linoleic acid because
they were not detected in the FAB mass spectrum of
linoleic acid with H2O2 (spectra not shown). The ions of
m/z 394, 416, and 438 observed in Figure 1b correspond
to, respectively, the proton bound adduct of DMPO
with the fatty acid, the sodium bound adduct of DMPO
with the fatty acid and the sodium bound adducts of
DMPO with the sodiated fatty acid.
The most abundant ions corresponding to DMPO
adducts of linoleic acid radical species observed in
Figure 1, are the ions at m/z 392, 393, and 394, which
were attributed to the carbon-centered radical adducts
represented in Scheme 1a, b, c, respectively. Although
DMPO is usually considered a spin trap more specific
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for oxygen radicals, DMPO carbon-centered radicals
have previously been observed during tryptophan oxi-
dation [18].
Additional ions at m/z 408–410, 16 Da above the ions
at m/z 392–394, were attributed to alkoxyl (or hydroxy-
alkyl) radical adducts (DMPO/LO). The proposed
structures for the ions at m/z 410 and 408 are presented
in Scheme 1d, e. On another group of ions at m/z
424–426, a further 16 Da increase were assigned as
peroxyl alkyl radical adducts (DMPO/LOO) of linoleic
acid (Scheme 1g and f). The structures proposed for
these spin adducts presume the formation of an oxy-
gen-centered radical, with the DMPO linked to the
peroxyl alkyl radical. All the structures shown in
Scheme 1 consider the radical adduct to be at the
position C9, but it can also be placed at C13 [20].
The ions in each envelope correspond to different
species of adducts, and have some structural differ-
ences. The ions at m/z 392, 408, and 424 were attributed
to cyclic radical adducts (Scheme 1b, e, g).The other
adducts (at m/z 393, 409, and 425) are considered as
open structure adducts although some are odd ions
with an unpaired electron at the DMPO oxygen atom,
as is represented in Scheme 1 for the adduct at m/z 393.
The other adducts (at m/z 394, 410 and 426) are even-
electron species (Scheme 1a, d, f). The unpaired electron
will not be stable in solution and thus unlikely to occur
significantly, which might explain the low relative
abundance of these odd m/z ions, when compared to the
adjacent ions. Therefore, these odd mass ions will not be
discussed further in this paper. The mass spectrum
obtained after reaction with H2O2 (Figure 1a) also
showed the presence of each of these clusters with an
increase of 22 Da, which were attributed to the sodiated
molecules of the DMPO adducts.
It is known that in the presence of reactive oxygen
species (ROS) such as the hydroxyl radical formed by
Scheme 1. Schematic structures of the DMPO spin radical adducts of the linoleic acid. The number
on structures shows the carbon number.
Figure 1. FAB-MS spectra of linoleic acid in presence of DMPO,
(a) under oxidative conditions induced by Fenton reaction, and (b)
under non-oxidative conditions.-
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the Fenton reaction, linoleic acid undergoes the removal
of the bis-allylic hydrogen at carbon 11, leaving an
unpaired electron and generating a carbon-centered
radical (Scheme 2). This radical may be shifted, gener-
ating two stable resonant structures, with the radical
either on C9 or C13 [20]. The radical can also be located
in other places due to double bond migration, although
their contribution should be minimal. Both carbon
radical species (Scheme 2) may capture the spin trap,
forming the carbon-centered adducts at m/z 392–394 or
they can take up an oxygen molecule, thus forming an
alkyl peroxyl radical. The alkyl peroxyl radical may
react with DMPO forming adducts at m/z 424–426, or
may capture a hydrogen by abstraction from another
Figure 2. ES-MS mass spectra of linoleic acid in presence of DMPO (a) under oxidative conditions
induced by Fenton reaction, and (b) under non-oxidative conditions. Arrows indicate new ions
formed under oxidative conditions.
Scheme 2. Schematic representation of the pathways for the formation of the carbon and oxygen-
centered DMPO adducts of linoleic acid oxidation (adapted from references [11] and [14]).
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linoleic acid molecule generating a hydroperoxide.
However, this specie is not stable in solution and
decomposes in the presence of metal ions to an alkoxyl
radical, which in turn may either be stabilized by
hydrogen abstraction forming a hydroxy group or by
capture of a DMPO molecule to form the alkoxyl DMPO
adducts at m/z 408–410. The formation pathway and
the structures of the carbon- and oxygen-centered ad-
ducts are shown in Scheme 2.
The reaction of linoleic acid with DMPO in the
presence and absence of hydrogen peroxide (under
conditions similar to those reported above) was also
monitored by ES-MS (Figure 2a and b). The ES-MS
spectrum of linoleic acid in the presence H2O2 and
DMPO shows high abundance ions at m/z 392, 394, 408,
Figure 3. ES-MS/MS spectra of the carbon and oxygen-centered radical adducts of linoleic acid at (a)
m/z 394 and (b) m/z 410, (c) m/z 426, and (d) m/z 442.
Scheme 3. Proposed mechanism for the formation of the proton-
ated molecule of DMPO, at m/z 114 from the ion at m/z 394.
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410, 424, and 426. This is in agreement with the results
obtained by FAB-MS. The ES-MS spectrum showed
additional ions at m/z 440 and 442, 16 Da above m/z 424
and 426 ions mentioned above, which could be attrib-
uted to alkyl peroxyl radical adducts containing a
hydroxy group. The hydroxy group could be located at
either at C8 or C14. These ions can also be attributed to
an alkyl epoxyperoxyl spin adduct. Besides the forma-
tion of an additional hydroxy group, the epoxy forma-
tion from alkoxyl radicals has already been reported in
lipid peroxidation, during a study of linoleic carbon-
centered radicals using the spin trap POBN [11, 21].
Ions at m/z 130, 146, 158, 211, 227, and 354 (data not
shown) were identified as DMPO radicals resulting
from the oxidative conditions in solution, and were
previously detected by FAB-MS [16] and ES-MS [17].
In order to elucidate the structure of the ions identi-
fied as DMPO radical adducts of the linoleic acid
oxidation reaction, collision induced decomposition of
the ES produced ions was performed. ES-MS/MS spec-
tra of the ions were analyzed, rather than the FAB-MS/
MS, because of the higher sensitivity and resolution
achieved with the QTOF 2 instrument. As referred to
previously, several isomers of DMPO adducts can be
formed although the most probable location of the spin
bond is on C9 or C13. In the MS-MS experiments, since
there was no previous separation, all the isomers were
selected, so different fragmentation pathways derived
from different isomers are overlapped. Some evidence
of this will be shown in the discussion.
MS/MS Spectra of Open Structures of DMPO
Radical Adducts
The ES-MS/MS mass spectra obtained for the ions at
m/z 394, 410, 426, and 442, corresponding to open
structures of carbon and oxygen-centered DMPO ad-
ducts of the linoleic acid radical formed by oxidation,
are shown in Figure 3a, b, c, d. In the MS/MS spectra of
all adducts, an abundant fragment ion at m/z 114 is
observed, corresponding to the protonated molecule of
DMPO, [DMPO  H], thus confirming that all these
ions are DMPO adducts. A proposed mechanism for the
formation of the ion at m/z 114 is presented in Scheme 3.
In the MS/MS spectrum of the alkoxyl adduct, m/z 410,
it is possible to observe the ion at m/z 130, correspond-
ing to the protonated molecule of the DMPO hydroxy
adduct (DMPO  OH) [16, 17], thus confirming that
this adduct is an alkoxyl radical adduct. In the MS/MS
spectra of the adducts at m/z 426 and 442, a fragment at
m/z 146 corresponding to the protonated molecule of
the DMPO peroxyl adduct (DMPO  OOH) was ob-
served, thus confirming the presence of the linoleic
peroxyl radical adducts. Common fragment ions ob-
served in the MS/MS spectra are summarized in Table
1.
Other common fragmentations observed in all spec-
tra were the loss of water (Table 1), and combined loss
of two water molecules. Loss of one water molecule can
occur either from the carboxylic acid group (due to the
acidity of the  hydrogen adjacent to the carbonyl
group) forming an unsaturated terminal carbonyl
group (Scheme 4), and/or from the DMPO moiety.
The major fragment ion of the carbon-centered ad-
duct at m/z 394 corresponds to the loss of 113 Da. This
fragmentation is probably due to loss of the DMPO
moiety. This fragmentation pathway is observed in all
of the spectra, although with variable relative abun-
dances. Another common fragmentation pathway cor-
responds to the combined loss of water and loss of 113
Da, which suggests the loss of water from the carboxylic
moiety with the charge being retained on the carbonylic
group formed, resulting in the acylium ion, RC¢O.
Loss of 113 Da can also be due to the combined loss of
Table 1. Fragment ions observed in the MS/MS spectra of open structures of DMPO spin adducts of linoleic acid radicals (% of
relative abundance normalised to base peak
Fragments m/z 394 m/z 410 m/z 426 m/z 442
[DMPOH] 114 (35) 114 (30) 114 (10) 114 (5)
[DMPOOH] — 130 (100) 130 (20) 130 (5)
[DMPOOOH] — — 146 (100) 146 (15)
H2O 376 (20) 392 (60) 408 (20) 424 (10)
2H2O — 374 (10) 390 (30)
97 Da (C11-C12 cleavage isomer C9) 297 (15) 313 (10) 329 (25) 345 (20)
113 (loss of DMPO) 281 (100) 297 (80) 313 (15) 329 (10)
113-H2O 263 (30) 279 (10) 311 (5)
Scheme 4. Loss of water from the carboxylic acid group, showed for the ion at m/z 394.
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one water molecule and the homolytic scission between
C11–C12 of the spin adduct containing the DMPO linked
to the C9 with the charge being retained at the DMPO.
This mechanism presupposes double bond migration,
as represented in Scheme 5a, for the adduct at m/z 394.
The same fragmentation could occur for the other
radical adducts. In all of the MS/MS spectra, fragment
ions from the combined loss of water and homolytic
cleavage between C10–C11 of the isomer C9 (Scheme 5b)
were observed.
The cleavage of C™C bond by homolytic scission,
between C11–C12, can also occur without loss of water,
generating the fragment ion at m/z 297 for the spin
adduct at m/z 394, as represented in Scheme 6. The spin
adduct at m/z 410, 426, and 442 generates the fragment
ions at m/z 313, 329, and 345 respectively. These frag-
mentation pathways provide evidence for the presence
of the spin trap at C9.
A common fragmentation pathway corresponding to
1,4-elimination involving the cleavage of the C7–C8
bond, occurring either for isomer C9 or isomer C13,
leads to the fragment ion at m/z 264 (adduct at m/z 394),
280 (adduct at m/z 410), and 296 (adduct at m/z 426). The
mechanism for this fragmentation is represented in
Scheme 7 for the adduct at m/z 394.
Scission of the C10–C11 bond with the DMPO mole-
cule located at C13 occurs in almost all adducts. For
some adducts it occurs combined with loss of water
from the DMPO moiety. This is evidence for the pres-
ence of DMPO linked to the C13. This fragmentation
combined with loss of water occurs for the adducts at
m/z 394 and 410, forming the ions at m/z 207 and 223
respectively. This fragmentation pathway, without loss
of water, occurs for ion at m/z 442 forming the ion at m/z
273.
MS/MS Spectra of the Carbon-Centered Adduct at
m/z 394
The MS/MS spectra of the carbon-centered adduct at
m/z 394 (Figure 3a) shows, low-mass ions that seem to
be due to charge remote fragmentation. Charge-remote
fragmentation occurs probably after loss of water and
DMPO molecule, originating alkyl acylium ions.
Charge-remote fragmentation has already been ob-
served in MS/MS spectra of anilide derivatives of fatty
acids, obtained with a Q-TOF2 instrument [22]. In the
adducts from the other clusters (m/z 410, 426, and 442),
charge-remote fragmentation also seems to occur with
formation of alkyl acylium ions, but is less extensive,
presumably because of the presence of an oxygen atom
on the alkyl chain after loss of DMPO. A group of
low-mass ions at m/z 126, 140, 152, 168, 180, and 182,
attributable to alkyl acylium radical ions, is represented
in Scheme 8. They are probably formed by combined
loss of one water molecule and loss of DMPO moiety,
the charge being retained in the acylium ion, with
cleavage in the vicinity of the double bonds ions.
Interestingly, homolytic cleavages occurred predomi-
nantly between the C12–C13 and C9–C8 bond, thus
giving an indication of the location of the double bonds,
namely at C13 and C9. The fragment ions at m/z 364 can
be due to 1,4-hydrogen rearrangement mechanism,
with loss of C2H2 and H2.
MS/MS Spectra of the Alkoxy Adduct at m/z 410
The MS/MS spectrum obtained for the ion at m/z 410,
attributed to the alkoxyl DMPO adduct of linoleic acid
(shown in Figure 3b), showed a fragment ion at m/z 263
formed because of the combined loss of DMPO  O
(loss of 129 Da) and water from the precursor ion. The
lower-mass fragment ions observed at m/z 140
(C8H16CO
), 167 (C10H19CO
) and 194 (OH-
C11H17CO
), correspond to alkyl acylium radical ions.
MS/MS Spectra of the Peroxyl Adduct at m/z 426
The MS/MS spectrum obtained for the ion at m/z 426
(Figure 3c), previously ascribed to the alkyl peroxyl
spin adduct (Scheme 1f), showed abundant fragment
ions at m/z 408, 390, and 372 that can be attributed to the
Scheme 5. Fragment ions formed from the combined loss of water and homolytic cleavage of (a) the
bond between C11–C12 and (b) the bond between C10–C11 of the isomer C9 at m/z 394.
Scheme 6. Proposed structure for the fragment ion formed by to
C™C bond homolytic scission, between C11–C12, of isomer C9 (m/z
394).
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loss of one, two and three water molecules. The com-
bined loss of three water molecules could indicate the
presence of an alkoxy radical adduct, with a hydroxy
group in the alkyl chain. The presence of a fragment ion
at m/z 130 seems to justify the presence of this isomer of
the peroxyl radical adduct. The fragment ions at m/z 146
and 263, attributed to combined loss of water and
(DMPO  OO), confirms that it is a alkyl peroxyl spin
adduct. The ion at m/z 128 can occur by the loss of water
from the peroxyl-DMPO adduct (m/z 146).
The fragment ion at m/z 296 formed by 1,4-hydrogen
rearrangement with cleavage of the C7–C8 bond adja-
cent to the hydroxy group, suggests the contribution of
an alkoxyl spin adduct placed at C13 containing a
hydroxy group at C8. The fragment ion at m/z 378 could
be formed by 1,4-hydrogen rearrangement, correspond-
ing to the loss of C3H6 plus H2, and the fragment ion at
m/z 360 due to further loss of water.
Low mass fragment ions at m/z 152 (C9H16CO
), 169
(OH-C9H16CO
), and 196 (OH-C11H19CO
), were at-
tributed to alkyl acylium radical ions formed by homo-
lytic cleavage of the C™C bond in the vicinity of the spin
trap, after combined loss of the DMPO moiety and a
water molecule.
MS/MS Spectra of the DMPO Adduct at m/z 442
The ion at m/z 442 (Figure 3d), showing a difference of
16 Da relative to the ion at m/z 426, can be attributed
either to a monohydroxy alkylperoxyl spin adduct
and/or to an epoxyalkyl peroxyl spin adduct. The
presence of ions at m/z 146 and 128 confirms that it is a
peroxyl adduct of DMPO.
The MS/MS spectrum of this adduct (Figure 3d)
shows an abundant fragment ion at m/z 270. This
fragment ion, not observed in the MS/MS spectra at m/z
426 ion, can be due to heterolytic cleavage of the C9–C10,
by rearrangement of the epoxide, from isomer C13
(Scheme 9).
The fragment ion at m/z 384 is originated from
hydrogen rearrangement involving the hydroxy group,
with cleavage of the C14–C15 bond (Scheme 10). This
fragment ion indicates that the ion at m/z 442 is also a
monohydroxy alkyl peroxyl radical adduct.
MS/MS Spectra of Cyclic Structure Radical
Adducts
The ES-MS spectrum (Figure 2) contained ions at m/z
392, 408, 424, and 440 which are 2 Da lower than the
previously described open structures. These ions were
attributed to cyclic structures of carbon-centered and
oxygen-centered spin adducts (Scheme 1c, e, g). The
MS/MS spectra of these ions are shown in Figure 4a, b,
c, d. As can be seen from the MS/MS spectra, these ions
show different fragmentation pathways than the open
structures, although some fragment ions are common to
both.
Under the oxidative conditions present in solution,
the DMPO molecule can be oxidized to 5,5-dimethyl-1-
pyrroline-3-ene-N-oxide (m/z 112), which can, in turn,
form an adduct with the linoleic acid alkyl radical,
resulting in the formation of these ions with a 2 mass
units decrease when compared with the initial ions at
m/z 392, 408, 424, and 440. The presence of an abundant
Scheme 7. 1,4-elimination involving the cleavage of the linkage of C7–C8 occurring either in isomer
C9 or isomer C13.
Scheme 8. Proposed structures for the alkyl acylium radical ions
observed in the MS/MS spectrum of the ion at m/z 394.
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fragment ion at m/z 114 in the MS/MS spectra (Figure 4)
along with the absence of a fragment ion at m/z 112,
suggests that these ions correspond to the cyclic adduct
of the carbon and oxygen-centered spin adducts and
not to the open structure containing the oxidised DMPO
molecule linked to the linoleic acid radicals. Moreover,
the fragment ion at m/z 114 in all the MS/MS spectra
confirms the presence of the DMPO spin adducts. The
mechanism proposed for the formation of the ion at m/z
114 from the cyclic adduct at m/z 392 is shown in
Scheme 11.
Fragment ions at m/z 130 and 146 observed in the
MS/MS spectra of ions at m/z 408 and 424 respectively
(Figure 4b and c), confirm the presence of the hydroxyl
and peroxyl radical adducts, as was observed for the
open structures (Table 1). Other common fragmenta-
tions are observed such as the loss of one and two
molecules of water, the loss of DMPO molecule com-
bined with loss of water, and cleavage of C11–C12 bond
of isomer C9 (Table 2).
A common fragment ion at m/z 360, observed in the
Figure 4 a, b, c, formed due to loss of 32, 48, and 64 Da,
respectively, are attributable to loss of two, three, and
four oxygen atoms, respectively. For the hydroxyl and
peroxyl spin adducts, respectively, losses of O and O2
were observed. The loss of O2 in the case of the
carbon-centered adduct at m/z 392 can only be ex-
plained if the DMPO is linked to the carboxylic group as
is shown in Scheme 12. An intramolecular ring has
already been suggested to occur in the bis DMPO
adducts [16].
MS/MS Spectra of the Cyclic Carbon-Centered
Adduct at m/z 392
The MS/MS spectrum of this adduct (Figure 4a) shows
a series of ions that can be attributed to charge remote
fragmentation of the ion formed after loss of DMPO and
also after the combined loss of DMPO and water. These
two series of charge remote formed ions overlap in the
mass spectrum. In the other closed-ring adducts (m/z
408, 424, and 440) charge remote fragmentation also
seems to occur with formation of alkyl acylium ions, but
less extensively. The series of low mass fragment ions at
m/z 126 (C7H14CO
), 138 (C8H14CO
), 140
(C8H16CO
), 154 (C9H18CO
), 166 (C10H18CO
), 180
(C11H20CO
), 182 (C11H22CO
), 194 (C12H22CO
), 208
(C13H24CO
), 210 (C13H26CO
) are attributed to homo-
lytic cleavages of the unsaturated chain, forming alkyl
acylium radical cations. Fragment ion at m/z 249 can
result from homolytic cleavage between C8–C9 involv-
ing the spin trap located at the C9.
MS/MS Spectra of the Alkoxyl Adduct at m/z 408
The presence, in the MS/MS spectrum of the ion at m/z
408 (Figure 4b) and of a fragment ion at m/z 130,
identified as [(DMPO O)  H], is evidence for the
presence of a hydroxyl spin adduct. Ions at m/z 263 and
249 correspond to the cleavage of the C7–C8 and the
C8–C9 bonds, respectively, with the DMPO bond lo-
cated at C9. These fragmentations suggest the presence
of a carbon-centered radical adduct of hydroxy linoleic
acid. Other fragment ions observed in the low mass
region at m/z 149 (C9H13CO
), 151 (C9H15CO
), 165
(C10H17CO
), 182 (C11H22CO
), 194 (C12H22CO
), 196
(OH-C11H19CO
), and 212 (OH2-C11H18CO
) or (OH-
C12H23CO
), can be assigned to alkyl radical ions
attributable to homolytic cleavage of the bonds near the
location of the DMPO bond.
MS/MS Spectra of the Cyclic Alkyl Peroxyl
Adduct at m/z 424
The MS/MS spectrum of the ion at m/z 424 (Figure 4c)
exhibited an abundant fragment ion at m/z 146 corre-
sponding to [(DMPO  OO)  H], thus confirming
that is an alkyl peroxyl spin adduct. The fragment ion at
m/z 279 may be attributed to the loss of an oxidized
DMPO molecule (DMPO  OO), and the ion at m/z 261
is due to combined loss of DMPO  OO and water.
The fragment ion at m/z 294, resulting from the
1,4-hydrogen rearrangement in isomer C13, involving
the hydroxy group placed at the C8 and cleavage of
C8-C7 bond, suggests the contribution of a alkoxyl
adduct with an hydroxy group in the chain as an isomer
of the alkyl peroxyl adduct. This mono-hydroxy alkoxyl
Scheme 9. Fragmentation pathway of the DMPO adduct at m/z 442.
Scheme 10. Mechanism proposed for the cleavage of the C14–C15
bond of isomer C9 (m/z 442).
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Figure 4. ES-MS/MS spectra of the carbon and oxygen-centered radical adducts of linoleic acid of (a)
m/z 392, (b) m/z 408, (c) m/z 424, and (d) m/z 440.
Scheme 11. Proposed mechanism for the formation of the ion at m/z 114 from the cyclic adduct at
m/z 392.
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adduct was also suspected to occur in the open adduct.
The mechanism for its origin is similar with the one
presented in Scheme 10, involving the hydroxy group
similar to the adduct at m/z 442. The fragment ion at m/z
230 may result from cleavage of the C13–C12 bond
adjacent to the spin trap in isomer C13 with loss of
C11H22CO2H. The fragment ions at m/z 149 (C9H13CO
),
151 (C9H15CO
), 163 (C10H15CO
), 181 (OH-
C10H16CO
), 195 (OH-C11H18CO
), and 209 (OH-
C12H20CO
), correspond to alkyl acylium radical frag-
ment ions.
MS/MS Spectra of the DMPO Adduct at m/z 440
The MS/MS spectrum of the ion at m/z 440 (Figure 4d),
unlike all the other MS/MS spectra, showed fragment
ions with very low relative abundance. It was possible
to observe the presence of fragment ions at m/z 114 and
146, confirming the presence of an alkyl peroxyl spin
adduct containing an hydroxy group. Fragment ion at
m/z 327 is due to loss of DMPO moiety. The presence of
a fragment ion at m/z 424 results from the loss of O. The
formation of the fragment ion at m/z 382 is originated by
a mechanism similar to that presented for the formation
of the fragment ion at m/z 384 from the adduct at m/z
442 (Scheme 10). The fragments observed in the low
mass region were attributed to unsaturated alkyl acy-
lium radical ions (126 (C7H14CO
), 138 (C8H14CO
),
152 (C9H16CO
), 168 (OH-C9H15CO
), 194(OH-
C11H17CO
), 198(OH-C11H21CO
), 212 (OH2-
C11H18CO
) or (OH-C12H23CO
).
Conclusions
FAB-MS, ES-MS, and MS/MS have proven to be useful
for the identification and characterisation of DMPO
spin adducts of linoleic acid, namely alkyl, alkoxyl
and alkyl peroxyl spin adducts. Both FAB-MS and
ES-MS spectra gave similar results, allowing the
identification of linoleic acid peroxidation products, but
due to the higher sensitivity of ES-MS, it was possible to
observe characteristic new adducts in the ES-MS
spectrum. Both carbon-centered and oxygen-
centered adducts of DMPO were found to occur,
namely alkoxyl, peroxyl, hydroxyalkoxyl, and hy-
droxyperoxyl radical adducts. Epoxy adducts were also
identified.
Characteristic fragment ions, such as the fragment
ion at m/z 114 and the loss of 113 Da were observed in
the MS/MS spectra of all adducts, thus confirming
that they are DMPO adducts. In the alkoxyl radical
adducts, a fragment ion at m/z 130 confirmed the
presence of the alkoxyl radical, and the fragment ion at
m/z 146 and loss of 145 Da confirmed the presence of the
alkyl peroxyl adduct. Alkoxyl radical adducts with
hydroxyl group in the alkyl chain, an isomer of the
peroxyl adduct, were also found. Alkyl peroxyl DMPO
adducts containing an hydroxyl group were also ob-
served in the MS spectra, and the corresponding
MS/MS spectra showed the characteristic fragment ions
at m/z 114 and 146, and loss of 113 and 145 Da.
Although the experimental approach used in this work
does not allow identifying unambiguously the different
isomers that are present, fragmentation observed in the
vicinity of the DMPO linkage suggested the occurrence
of structural isomers containing the DMPO moiety both
at C9 and C13.
Adducts with the DMPO linked to the carboxylic
acid group forming an intramolecular ring were also
found. Additional fragmentation involved loss of one
and two molecules of oxygen, or loss of one molecule of
oxygen and an oxygen atom, for the alkyl, alkoxyl, and
peroxyl adducts, respectively.
Table 2. Fragment ions observed in the MS/MS spectra of cyclic structures of DMPO spin adducts of linoleic acid (% of relative
abundance normalized to base peak)
Fragments m/z 394 m/z 410 m/z 426 m/z 442
[DMPOH] 114 (100) 114 (55) 114 (25) 114 (20)
[DMPOOH] 130 (20) 130 (10)
[DMPOOOH] 146 (100) 146 (20)
H2O 374 (35) 390 (80) 406 (10) 442 (5)
2H2O 372 (10) 388 (5)
97 (C11-C12 cleavage isomer C9) 295 (10) 311 (5) 327 (5) 343 (30)
113 279 (20) 295 (100) 311 (5) 327 (20)
113-H2O 261 (10) 277 (10) 293 (5)
Scheme 12. Loss of O2 from the adduct at m/z 392 forming the fragment ion at m/z 360.
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